Abstract: We describe a new method for computing blocking probabilities in cellular mobile communication networks. Given a cellular mobile network for which blocking probabilities are sought, we first construct a queueing network model to act as surrogate for the original system. Assuming that this model has the simple product form and closed-form solution, we formulate the steady-state blocking probability of each class traffic in terms of normalization constants. We develop an algorithm for computing the steady-state blocking probability of each traffic class. We show that the proposed algorithm is effective by numerical example.
Introduction
In a cellular network, a service coverage is divided into smaller hexagonal areas referred to as cells. Each cell is served by a base station. The base station is fixed and is able to communicate with mobile stations such as cellular telephones using its radio transceiver.
Handoff (or handover) techniques are special importance in any cellular system because there is nothing more irritating to a customer than to lose his call when moving from one cell to another. In general, the handoff is the process of changing the channel (frequency, time slot, spreading code, or combination of them) with the current connection while a call is in progress. It is often initiated either by crossing a cell boundary or by a deterioration in quality of the signal. A call is blocked if all channels are found to be busy. The probability that the handoff call finds all channels busy at its target cell is referrd to as blocking probability.
One of the first research studies of mobile communication networks was presented by Everit and Manfield [1] . However, their model was not treated as a queueing network model. A paper by Boucherie and Mandjes [2] specified the equilibrium distribution for product form cellular mobile communication networks involving a single call class. As representative research, Yoneyama et al. [3] presented a queueing network model with multiple call classes and state-dependent transition rates with derived product form equilibrium distribution. However, in both papers no channel was available if the call was lost. This is referred to as so-called "handoff" blocking.
Algorithms for computing blocking probabilities in terms of normalization constants were only developed for special cases. Kaufman [4] and Roberts [5] used recursion for loss networks. Pinsky and Conway [6] used this method in computation algorithms for blocking probabilities in Circuit-Switched Networks. Mitra [7] adopted this method for a class of two-hop tree networks. Kogan [8] developed an algorithm for this model by relating it to closed networks.
Main goal of this paper is to intoduce a new method for numerically computating blocking probabilities in cellular mobile communication networks. We formulate a model of these networks as a queueing network with multiple call classes and statedependent transition rates. To measure performance we suggest a handoff blocking probability based on a product form equilibrium distribution. We propose an algorithm for computing these blocking probabilities. As numerical example, we investigated the blocking probabilities between neighbouring cells in a nine-cell model.
In the following section, we describe our model of a cellular mobile communications network and give its product-form expressions. In section 3, an algorithm for computing the blocking probabilities in cellular mobile communication networks is presented and analyzed. Experimental results are discussed in section 4 and the paper concludes in section 5.
A Model of a Cellular Mobile Communications Network and its Product-Form Expressions
Consider a cellular mobile communications network consisting of N cells and I classes of calls. The number of class u calls in cell i is denoted by n ii (u) and the number of class u calls in the handover area between cells i and j is denoted by n ij (u) . Thus, the number of class u calls carried by transceiver i is given by
where H is a set of neighbours of cell i. In general
where
. We assume that a new call class u is generated by a Poisson process in cell i with the rate λ ii(u) , i = 1, 2, . . . , N , u = 1, 2, . . . , I, and in the handoff area between cells i and j with λ ij (u) , i, j = 1, 2, . . . , N , u = 1, 2, . . . , I. We suppose that the mobile class u call remains in cell i for a holding time exponentially distributed with the mean µ ii (u) . The class u call can enter the handoff area with cell j as a class v call (to the handoff area with cell i) with probability p ii(u),ij (v) . The class u call can end in cell i or in the handoff area ij with the rate µ ii(u) or µ ij(u) , respectively.
The holding time of a class u call in the cell i is exponentially distributed with the mean 1/(µ ii(u) + µ * ii(u) ). The probability that class u call ends in cell i is equal to (u) . Analogously, the probability that a class u call will enter the handoff area with cell j as a class v call is equal to (v) . Two conditions are satisfied, namely
A class u call remains in the handoff area between cell i and j for exp(µ ij(u) ) exponentially distributed with the mean µ ij (u) .
A class u call moves or returns to the interior of cell i as a class v call with probability p ij(u),ij (v) . The handoff of a class u as a class v call is attempted with probability p ij(u),ji (v) .
A cellular mobile communications network can be modeled as continuous time Markov chain X = (X(t), t ≥ 0), which contains the number of calls in the areas of all cells. The state of this Markov chain is given by vector n = (n ii , n ij , j ∈ H i , i = 1, 2, . . . , N ), where n ii = (n ii (1) , . . . , n ii(I) ), n ij = (n ij (1) , . . . , n ij(I) ). We assume that the total number of calls in the cells is given by m = (m 1 , . . . , m N ), where
. All restrictions are inputed on vector m. Nevertheless, our model of cellular mobile communications networks includes both fixed and dynamic channel allocation schemes.
We assume that the Markov chain is irreducible and its state space is given by S = {n: Am ≤ C, m i = n ii + j∈H i n ij , i = 1, 2, . . . , N }, where A is a matrix with nonnegative entries, C is a vector of constraints.
A product form expression for the cellular mobile communications network with infinite capacity is obtained by assuming the partial balance of the network.
Thus, we can determine the traffic equation for all class u calls in the cell i as follows
where c ii(u) is the arrival rate of class u calls in cell i and c ij is the arrival rate of class u calls in the handoff area ij. The rate µ ii(u) , i = 1, 2, . . . , N , u = 1, 2, . . . , I for the state of network n is given by
where Ψ and Φ are arbitrary nonnegative and positive functions, e ii(u) is a row vector with 1 in ii place and 0's elsewhere. The rate λ ii(u) for i = 1, 2, . . . , N , u = 1, 2, . . . , I for the state of network n is as follows
For j ∈ H, i = 1, 2, . . . , N, u = 1, 2, . . . , I the rate µ ij(u) when the state of the network n is described by
where e ij(u) is a row vector with 1 in the ij place and 0's elsewhere. Analogously, when the state of the network is given by n, the rate λ ij(u) can be formulated as follows
The product form expressions for a cellular mobile communications network with multiple call classes and state-dependent transition is given by
where G(C) is the normalizing constant. The basic formula for the blocking probability for class u calls at handoff area ij is given by
where e ij(u) is the transpose of a matrix with a 1 in the ij-th place and 0's elsewhere. Now, we assume that the upper limit L ij(u) is imposed on class u calls at handoff area ij. Thus, the condition (C, D) . Thus, the blocking probability for class u calls at handoff area ij is given by
If D represents the final class u calls in the ordering this becomes simply
where G(C, D) is the normalization constant.
An Algorithm for Computing the Blocking Probabilities in Cellular Mobile Communications Networks
The computational algorithms which are available deal with closed product form networks. The algorithms generally calulate blocking probabilities for networks with N customers based on the previous results for N − 1 customers. One approach, due independently to Buzen [9] and Reiser [10, 11] , is called the convolution algorithm. It is basically a recursion for the normalization constants for increasing customer populations.
Direct computation of a normalizing constant requires summing over the entire state space. The number of states is the same as the number of ways that D u classes can be arranged over C constraints (for each class u call). Thus, direct computation requires
where U is the total number of calls. The basic case and recurrence for computing the blocking probabilities are given by
The numerator can be computed using the previous recursive expression for the auxiliary function. If D is the last class u in the ordering this becomes simply:
(16) enables the use of a recursion to compute the blocking probabilities. The blocking probabilities in a cellular mobile communications system are computed by the blocking_prob._computation procedure. The convolution algorithm used in this procedure is given as follow:
Step 1:
where U is the number of class calls.
Step 2: All the elements in the first row of the G-matrix are 1, since G u (0) = 1, for u = 1, 2, . . . , U .
Step 3: All the elements in the first column of the G-matrix are calculated by the formula
Step 4: All the elements from row 2 to U and columns 2 to u + 1 are determined by the calculation
Step 5: When the calculation process is complete, the G coefficients are the elements of last column.
Step 6: Computation of the handoff blocking probability
Numerical Examples
Based on the algorithm for computing handoff blocking probabilities, we studied its usefulness as a tool for analysing cellular mobile communication networks. We considered a cellular network set consisting of nine cells (see Fig. 1 ). In our model we investigated the two-way connection of its immediate neighbours. We treat the handoff blocking probability as a function of a cell, say L i , when the connection ratio A ij is given. The basic parameters of constraint matrix are shown in Table 1 . In our study we investigated handoff blocking probabilities as a function of the load of cell 3 for three several connection ratios, namely A 23 = 0.35, 0.25, 0.15. We assumed that the other connection ratios, A ij , have the same value. This means that the ratio of a two-way connection to calls is equally distributed in all cells. The computed handoff blocking probability between cell 2 and 3 for the load in cell 3 is given in Fig. 2 . It can be seen that the handoff blocking probability between cell 2 and 3 increases when load L 3 is increased. This is due to the load which is increased in cell 3. The handoff blocking probabilities between cells 2 and 3 as a function of load in cell 1 and 2 are given in Fig. 3 . Because the cell 1 is not the immediate neighbour of cell 3, we argue that the load of cell 1 has no influence on handoff calls from cell 2 and 3. Figure 4 shows the handoff blocking probabilities between cell 2 and 3 as a function of load in cell 1 and cell 4. It can be seen that the handoff blocking probability decreases as L 14 increases. In other words the loads of cells 1 and 4 have no influence on blocking probability in cell 3.
Conclusions
In this paper, we proposed an algorithm for computing the blocking probabilities in a cellular mobile communications system. This algorithm is based on the product form queueing network model and uses a convolution technique. In our model we can give spatial information about the load of a cell in a cellular system. We can make our algorithm useful for planning control in cellular mobile communications networks as well as for quantitative analysis by investigating the behavior of the system.
